I. INTRODUCTION
Due to its high thermal stability, tungsten is frequently used as a substrate especially suitable for high temperature preparation processes. For example, the electron spindependent scattering on W(100) and Fe/W(110) is applied in spin detectors with very high efficiency. 1, 2 The high melting temperature of W (T melting ¼ 3695 K) allows cyclic high temperature flash for sample cleaning and makes the sample preparation much easier to carry out in an ultrahigh vacuum (UHV). However, the atomic size and lattice constant of W crystal are much larger than the 3d transition metals, like Fe, Co, and Ni. Until now, most studies focused on the W(110) or W(100) surface, rather than W(111), because bcc-W(111) exposes the top three atomic layers on the surface and is relatively rough compared to W(110) and W(100). [3] [4] [5] [6] [7] [8] [9] It seems unlikely to have the high quality epitaxial magnetic thin films on the W(111) crystal surface. On W(111), many studies focused on the adsorbate-induced faceting. [10] [11] [12] [13] [14] For example, after annealing at 1000 K, %1 physical monolayer (PML: 1 PML equals the 3 pseudomorphic layer. Since bcc-W(111) exposes the top three atomic layers on the surface, 3 geometric layers of adsorbate atoms are required to fully cover the W(111) surface.) Pd deposited on W(111) will form the nano-scale three-sided {112} pyramids covering the surface. 15 Based on this phenomenon of nano-scale pyramids, many possible applications have been proposed in recent years. Fu et al. first demonstrated the idea of a single atom tip for a highly efficient and coherent field emission electron beam. 16 Moreover, Altman's group also reported a spin-polarized (SP) field-emission electron beam source by covering a single crystal W tip with magnetic thin films. 17, 18 Despite the above promising applications, there are only a few studies reporting magnetic transition metals on the W(111) surface. 10, [19] [20] [21] In 1996, the structure and morphology of Co films on a clean W(111) surface were reported by Guan et al. using low energy electron spectroscopy (LEED) and Auger electron spectroscopy (AES). Pseudomorphic Co films were grown at room temperature (RT) with thickness up to 4 PML. Annealing up to 700-1200 K led to the formation of 3D islands and a wetting layer of 1 PML. In 2003, Man et al. reported the growth morphology, structure, and magnetism of Co films on clean W(111) surface by spinpolarized low energy electron microscope (SP-LEEM) and LEED. 19 Pseudo-layer-by-layer growth of Co films was observed at 380 K, while Stranski-Krastanov growth was observed at higher temperature. However, based on their calculation but contradicting the conclusion of Guan et al., only one pseudomorphic layer (¼1/3 PML) was predicted to be thermodynamically stable against 3D island formation. 10, 19 Until now, no further studies have been reported for a more detailed understanding of Co on the W(111) surface, which may create more possibilities for future applications.
The addition of a surfactant species may radically change this picture. The presence of surfactant on the surface during thin film deposition has indeed been demonstrated to improve the 2-dimensional (2D) growth. [22] [23] [24] [25] This surfactant effect is mainly ascribed to the reduction of surface free energy, but surfactants may modify the atomic diffusion processes on surfaces and thus promote 2D growth. 24 The behavior of a surfactant species on such a rough surface as W(111), and the In this report, a well-ordered 3 Â 3 reconstructed surface was prepared by high temperature oxidation of the W(111) surface, followed by annealing. This O-3 Â 3/W(111) surface is inert and thermodynamically stable. The Auger signal of oxygen was always observable and nearly invariant after either Co deposition or annealing, indicating the surfactant role played by oxygen. Co ultrathin films were deposited on this O-3 Â 3/W(111) surface for the investigation of their growth mode, surface morphology, crystalline structure, thermal stability, and magnetism.
II. EXPERIMENT
The sample preparation and investigation were performed in an ultrahigh vacuum chamber with a base pressure better than 3 Â 10 À10 Torr. 26 A clean single crystalline W(111) surface was prepared by cycles of thermal annealing above 2000 K. 12 The Co films were deposited at RT or low temperature (LT: 200 K) by e-beam heated thermal evaporation with a rate of %0.3 PML/min. AES was used for the monitoring of growth behavior and thermal stability. The Auger ratios were calibrated with the temperature-programmed desorption (TPD) measurements, from which the AES ratio of 1 PML Co/W(111) can be exactly determined. Similar analysis has been done in the previous reports. [12] [13] [14] Our calibration results are also consistent with the reports shown in Refs. 3 and 10, i.e., Auger ratio of Co/W % 3 for 1 PML Co/W(111). The crystalline structure was investigated by LEED. The surface morphology was in situ characterized by a scanning tunneling microscope (STM). The magnetic properties of 6.0 and 9.6 PML Co/O-3 Â 3/W(111), after covering a protective Pd layer of 2 PML, were measured in the air using the polar and longitudinal magneto-optical Kerr effect (MOKE) at room temperature. 27 
III. EXPERIMENTAL RESULT
In previous studies, the cleaning of W(111) surface was generally achieved by annealing above 1500 K under O 2 atmosphere, to get rid of the carbon contamination.
12-14 After the above procedures of high temperature oxygen exposure and annealing, various surface reconstructions are usually observable by LEED, depending on the annealing temperature and the amount of residual oxygen on the surface. In our experiment, a suitable process was found for the reproducible preparation of the oxygen-induced 3 Â 3 reconstruction on W(111). As shown in Fig. 1 , after cyclic 1400 K annealing under 1 Â 10 À6 Torr O 2 followed by 1400 K annealing in UHV, a well-ordered 3 Â 3 reconstruction was formed on the W(111) surface. Both steps of the annealing procedure, with and then without an O 2 atmosphere, are essential for the 3 Â 3 reconstruction. Fig. 2(a) shows the LEED patterns taken after the 1st step annealing of W(111) under 1 Â 10 À6 Torr O 2 as a function of different annealing temperatures. For the 1200 K annealing, as shown in the magnified LEED spot image of Fig. 2(a) ), a triangular shape of the diffraction spot was observed, indicating the formation of a faceted surface, which was composed of both a planar (111) surface and three-sided {112} pyramids. 13, 14 With the increase in annealing temperature, the W(111) crystal always revealed only the 1 Â 1 structure with circular spots. However, after pumping out the O 2 and recovering the base pressure lower than 3 Â 10 À10 Torr, further annealing led to a further evolution of surface structure. 800-900 K annealing led to clear six-fold satellites around the 1 Â 1 spots. The appearance of satellite spots implies possible surface corrugations. As the annealing temperature was gradually increased to 1200-1400 K, the 3 Â 3 reconstruction became clearer and clearer. Actually, %1400 K is the most suitable annealing temperature for the formation of the O-3 Â 3/W(111) surface. An even higher annealing temperature (>1400 K) caused the randomization and serious desorption of oxygen, resulting in a clear 1 Â 1 with vague 3 Â 3 spots.
The surface chemical composition of this O-3 Â 3/ W(111) structure was characterized by AES. Fig. 3(a) shows the AES spectrum taken from the O-3 Â 3/W(111) surface. Besides the W 170eV and W 363eV peaks, only the O 510eV peak is observable. The possible contamination of Co can be excluded, because the C 270eV peak is indiscernible. In each O-3 Â 3/W(111) preparation, the ratio of O 510eV /W 170eV is always close to the value of 1/3. This indicates the required oxygen quantity and the covering rate for this 3 Â 3-reconstruction is quite stable and nearly invariant in the repeated preparations. Fig. 3(b) shows the LEED patterns of O-3 Â 3/W(111) and clean 1 Â 1 -W(111) measured with the same e-beam energy of 33 eV for comparison.
Concerning the formation of O-3 Â 3/W(111), one interesting question is why the thermal annealing in the second step is essential. In the first step of Fig. 1 , the high temperature oxidation, the AES signal of O 510eV /W 170eV increased with the oxygen exposure time and then gradually saturates at a maximum value of 0.5, implying a limited quantity of oxygen adsorbed on W(111). Then in the second step of thermal annealing, the AES signal of O 510eV /W 170eV decreased with annealing time and reached a minimum of about 1/3, the same as the O-3 Â 3/W(111) reconstruction. These observations indicate the annealing process is essential to desorb the excess oxygen and provide suitable thermal energy to organize the well-ordered 3 Â 3 structure.
B. Growth and crystalline structure
The surface atomic structure of W(111) is plotted in Fig. 4(a) . Bulk tungsten crystallizes in a body-centered cubic structure. As indicated by the three different colors, the W(111) surface is composed of three top-most atomic layers, which are exposed to the vacuum. The edge (lattice constant) of the W(111) hexagonal unit cell is 4.47 Å , which is much larger than the lattice constant 2.51 Å of the hexagonalclosed packed Co(0001). However, as shown in 4, 8, 19 To investigate the growth behavior, the AES spectra of n-PML Co thin films were measured. Fig. 5(a) shows the AES signal of Co 776eV , W 170eV , C 270eV , and O 510eV as a function of thickness for RT-deposited Co films with oxygen surfactant. The W 170eV signal monotonically decreased to nearly zero, and the Co 776eV signal monotonically increased with Co coverage. This indicates the Co deposit uniformly covered the W(111) substrate. Interestingly, the O 510eV signal first increased and then remained invariant. The increased oxygen signal in the 0-1 PML Co range could be due to the different electron backscattering factors between Co and W. A similar increase of the O signal has been observed in oxygen surfactant assisted layer-by-layer growth of Co/Cu(110). 23 After deposition of 1 PML Co, the W(111) surface was fully covered by Co and thus the oxygen signal remained constant. This observation also indicates the oxygen was not buried with the W substrate by the Co atoms. Instead, the oxygen was always on top of the surface, even after a large amount of Co was deposited. Because the C 270eV signal was always within the noise level and nearly unobservable, we can exclude the possibility of Co contamination during thin film deposition. The Auger signal ratio of Co 776eV /W 170eV is plotted in Fig. 5(b) as a function of Co coverage. Both RT (300 K) and LT (200 K)-grown films revealed the same exponential-like evolution of the Co 776eV /W 170eV ratio. The Co 776eV /W 170eV ratio increased more and more quickly with Co deposition (curvature > 0). This result implies the 2-dimensional growth behavior of Co on O-3 Â 3/W(111). When the substrate was cooled at low temperature, the mobility of deposited atoms would decrease and thus the 3D islands formation would be reduced. The consistence between the Co 776eV /W 170eV AES signal ratio of RT and LT-grown Co films also supports the 2-D growth mode of 300-200 K grown Co films on O-3 Â 3/W(111). 28, 29 For comparison, our recent study of Ni/O-3 Â 3/W(111) shows the Ni 776eV /W 170eV Auger ratio increased more and more slowly with increasing Ni deposition (curvature < 0). 30 This suggests, in contrast to the 2D growth of Co, Ni preferred the 3-dimensional (3D) growth behavior on O-3 Â 3/W(111), which might be due to the large mismatch between Ni and W. Fig. 5(c) shows the LEED patterns of 0.5 PML Co/O-3 Â 3/W(111). In the 33 eV LEED image, 1 Â 1 spots with satellites are clearly seen, while in the 103 eV image, vague 3 Â 3 spots are observable. With increasing Co thickness, the 3 Â 3 structure gradually disappears, indicating the randomized position for the oxygen surfactant.
For a more detailed investigation on the evolution of surface morphology during thin film growth, 2, 4, and 6 PML RT-grown Co films were examined using STM. The STM images were taken with the constant current I ¼ 1 nA and the bias voltage V b ¼ 0.6-1.4 V. As shown in Fig. 6 , Co films always revealed similar surface morphology composed of maze-like islands. The island width was %2 nm. The line profiles revealed the surface roughness and island height is always within 62 Å . The surface island shape, size, and height are invariant with increasing Co thickness at least up to 6 PML.
C. Thermal stability
The thermal stability of the Co coverage is crucial to future applications. For example, it is interesting to know if the high temperature thermal annealing of Co/O-3 Â 3/W(111) will induce a faceting of the surface, which might be applied in fabricating magnetic single atom tips for spin-polarized field emission source. Besides, due to the novel properties for applications, graphene-related studies have attracted much attention in recent years. Co or Ni thin films on a tungsten substrate were frequently used as a catalytic template for the fabrication of single layer or multilayer graphene, because high temperature annealing is usually unavoidable for the chemical vapor deposition processes. 31, 32 Thus, the thermal stability of Co films on O-3 Â 3/W(111) is an interesting issue from both a fundamental and technological point of view.
Previously, the AES investigation of Guan et al. reported annealing up to 700-1000 K led to the formation of 3D islands and a wetting layer of 1 PML. 10 Because 700-1000 K is not high enough to trigger Co desorption from W(111), the significant reduction of AES signal actually originates from the 3D island formation, and correspondingly the reduction of effective detection area for AES. However, recently the calculation of Man et al. concluded that only one pseudomorphic layer (¼1/3 PML) was expected to be thermodynamically stable against 3D island formation. 19 Our study provides another point of view on the Co thin film dewetting behavior, especially with the oxygen surfactant included. Fig. 7 shows the Auger signals of Co 776eV , W 170eV , C 270eV , and O 510eV for RT and LT-grown Co/O-3 Â 3/ W(111) after annealing at different temperatures. All the Auger spectra were measured after cooling down from the various annealing temperatures to RT. The Co 776eV Auger signal quickly dropped after annealing up to 600 K, decreased slowly after 600-1000 K annealing, and finally disappeared after more than 1200 K annealing. Inversely, W 170eV Auger signal quickly increased after annealing at 600 K, increased slowly after 600-1000 K annealing, and finally saturated after 1200-1400 K annealing.
The Auger ratio of Co 776eV to W 170eV is summarized in Fig. 8 and plotted as a function of annealing temperature for the n ML RT and LT-grown Co films on O-3 Â 3/W(111). The tendency of the Co/W AES signal evolution is consistent for the different samples. Independent of growth temperature and Co coverage, 600 K annealing is always enough to induce 3D island formation and thus leads to a significant reduction in the AES signal. After 600 K annealing, the Co 776eV /W 170eV ratio always quickly dropped to %1. The Co 776eV /W 170eV AES ratio of 1 PML Co/W(111) equals 3, as reported by Guan et al. 10 Thus, in our experiment, the AES ratio of 1 for the wetting layer means the apparent thickness of $1/3 PML. Interestingly, during the multi-step annealing, the O 510eV Auger signal always remained invariant. No matter how the Co aggregated and formed 3D islands, oxygen was always on top of the surface. The wetting layer of $1/3 PML (one pseudomorphic layer) was thermodynamically stable during 600-1000 K. This experimental observation of one pseudomorphic layer wetting layer is actually consistent with the theoretical prediction of Man et al. 19 In their theoretical studies, the pseudomorphic stacking of Co will lead to only 1 pseudomorphic wetting layer. 19 On the other hand, the closed-packed Co is suggested to stabilize a thicker wetting layer, which has been observed by Guan et al.
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Following this contention, oxygen surfactant in our experiment may help sustain the pseudomorphic Co structure, rather than the closed-packed layers. Thus, the pseudomorphic Co layers with oxygen surfactant are relatively unstable and only lead to one pseudomorphic wetting layer. The precisely confirmation of pseudomorphic or closed-packed components in the Co films requires further experiments for clarification. In each oscillation, the H C always recovers the maximum value of $190 Oe. However, the H C does not always drop to the same minimum value. The local H C minimums show a 180 C asymmetry. The 2-fold symmetry might originate from a slight miscut of the W(111) substrate. The 6-fold crystalline magnetic anisotropy energy (MAE) is quite weak and can be easily modulated by the step induce 2-fold symmetric MAE. Accordingly, in a thicker magnetic film, the volume-contributed crystalline MAE will gradually surpass the step-contributed MAE. Our measurement of 9.6 PML Co confirmed this speculation. Fig. 10(b) shows the more uniform 6-fold oscillation of H C with a less pronounced 2-fold symmetric variation. The maximum and minimum H C are 194 and 170 Oe, respectively. The azimuthal angle corresponding to the minimum H C is along h1 10i in-plane directions. The ratio of min. to max. H C % 0.876 is nearly the value of cos30 ¼ 0.866. Therefore, we can conclude the easy axis of Co lies along the h1 10i in-plane directions. 19 Although the LEED images of Co films are unclear, the evident 6-fold symmetry found in azimuthal angle-dependent H C also implies a good order of the in-plane crystalline structure. 
IV. CONCLUSIONS
High temperature oxidation of W(111) induces various surface structures: 3-sided pyramid faceting, primary 1 Â 1 structure, satellite spots, and 3 Â 3 superstructure, depending on the quantity of residual oxygen on the surface and the annealing temperature. By a 2-step preparation procedure combining high temperature oxygen exposure and thermal annealing, a well ordered O-3 Â 3/W(111) can be repeatedly prepared with the Auger signal ratio O/W % 1/3. The growth, crystalline structure, thermal stability, and magnetism of Co ultrathin films deposited on this O-3 Â 3/W(111) surface were systematically investigated.
Based on the AES signal evolution, we propose oxygen acts as a surfactant during the Co deposition and the thermal annealing induced dewetting processes. With the oxygen surfactant, Co undergoes a 2-dimensional growth at least up to 6 PML on W(111). The STM images reveal the surface morphology is composed of similar Co nanoislands for 2-6 PML Co, and the surface roughness is always within 62 Å .
In the annealing process, oxygen still floats on the surface top. Co undergoes 3D islands formation before 600 K and leaves a wetting layer of $1/3 PML after thermal annealing at 600-1000 K. In contrast to the previously reported wetting layer of 1 PML Co on clean W(111), the oxygen surfactant led to a thermodynamically stable wetting layer of only one pseudomorphic layer (1/3 PML). The wetting layer of one pseudomorphic layer is consistent with the previous theoretical prediction and suggests Co might exhibit a pseudomorphic stacking rather than a close-packed atomic arrangement in the presence of surfactant oxygen.
The 6 and 9.6 PML Co/O-3 Â 3/W(111) exhibit a stable in-plane anisotropy with square hysteresis loops. A 6-fold symmetry of the in-plane magnetic coercivity is clearly observed, which corresponds to the crystalline structure of W(111) and suggests a well ordered in-plane crystalline structure of the Co thin films. The in-plane magnetic easy axis lies along the h1 10i in-plane directions. This in-plane magnetic anisotropy is relatively weak and can be easily modulated by surface step-induced anisotropy in low coverage films. In thick Co films, the volume contributed crystalline magnetic anisotropy dominates the magnetic behavior and exhibits uniform 6-fold symmetry in the azimuthal angledependent magnetic coercivity. Our study offers a comprehensive understanding of the magnetic Co/O-3 Â 3/W(111) thin films, which will be useful for future study and applications in magnetic material/tungsten systems.
